Ewing sarcoma is the second most common bone tumor in childhood. Despite aggressive chemotherapy and radiotherapy strategies, the prognosis of patients with metastatic disease remains poor. We have recently reported that Ewing tumor cell proliferation was strongly inhibited by IFN-b and to a lesser degree by IFN-a. Moreover, under IFN-b treatment, some cell lines undergo apoptosis. Since the possibility of using IFNs for Ewing tumor treatments may be of interest, we have evaluated the efficacy of Hu-IFNs in a nude mice model of Ewing tumor xenografts. The results reported here show that human type I IFNs, Hu-IFN-a and Hu-IFN-b impaired tumor xenograft take and displayed an antigrowth effect toward established xenografts. Furthermore, we have also shown that combined therapy with Hu-IFNs and ifosfamide (IFO), an alkylating agent widely used in high-dose chemotherapy of Ewing tumors, results in a strong antitumor effect. Pathological analysis showed that Hu-IFN-a/IFO and Hu-IFN-b/IFO were characterized by a dramatic decrease in the mitotic index and marked necrosis, as well as extensive fibrosis associated with numerous calcifications. To our knowledge, this is the first demonstration of a potential antitumor effect of human type I IFNs and IFO on Ewing tumors, providing a rational foundation for a promising therapeutic approach to Ewing sarcoma.
Introduction
Ewing's sarcoma (ET) is a primitive neuroectodermal tumor characterized by a specific chromosomal translocation t(11 : 22) (q24:q12) (Aurias et al., 1983; Horowitz et al., 1997) which results in the production of the EWS-Fli-1 fusion protein, a chimeric transcription factor shown to display oncogenic properties (Delattre et al., 1992; Bailly et al., 1993; May et al., 1993; Ouchida et al., 1995; Kovar et al., 1996) . Ewing's sarcoma is the second most common bone tumor in childhood. Advances in therapy including the use of multiple chemotherapy and radiotherapy have led to a survival rate of 50% patients after 5 years. Despite aggressive treatment strategies such as high-dose chemotherapy with stem cell rescue in combination with surgery and/or extended radiotherapy, the prognosis for patients with metastatic disease remains poor (Wexler et al., 1996; Fizazi et al., 1998; Rosito et al., 1999; Kushner and Meyers, 2001; Paulussen et al., 2001; Pinkerton et al., 2001 ) Therefore, more effective new therapeutic strategies are required to improve the outcome and survival of these patients.
In recent years, a lot of information has accumulated concerning potential interest in the use of cytokines for cancer therapy (Gutterman, 1994) . Among cytokines, interferons (IFNs) are of particular interest due to their pivotal physiological role in the control of cell proliferation (Tanneberger and Harelia, 1996; Grander et al., 1997) . Many studies have shown that Hu-IFNs are able to inhibit tumor cell proliferation followed in some cases by an apoptotic response. Hu-IFNs have been shown to antagonize the cell proliferation induced by various growth factors. HuIFNs are also immunostimulatory molecules which induce MHC expression leading to an increase in cytotoxic T lymphocyte activity, enhance the generation of T helper cells, activate NK cells and induce tumoricidal macrophage activity (Gutterman, 1994; Tanneberger and Harelia, 1996; Grander et al., 1997; Borden, 1998) . Thus, these immunomodulatory activities probably contribute to an Hu-IFN-mediated antitumor response.
Type I Hu-IFNs, Hu-IFN-a and Hu-IFN-b are widely used at high dose with significant success, in adult patients presenting chronic hepatitis B or C (Rumi et al., 1997; Chapman et al., 2001) , or with multiple sclerosis, for which recombinant-Hu-IFN-b is a good recombinant therapeutic drug for the treatment of relapsing remitting multiple sclerosis (Hall et al., 1997; Ross et al., 2000; Comi et al., 2001) . Type I HuIFNs have also been shown to be active in several human hematological malignancies such as chronic myelogenous leukemia (Borden, 1998; Talpaz, 2001) , myeloma (Grander, 2000) , hairy cell leukemia (Kurzrock et al., 1991; Gutterman, 1994) and lymphoma (Wollina et al., 2001) . Studies of the effects of Hu-IFNs in non-hematopoietic tumors are ongoing. Preclinical and clinical studies on melanoma, colorectal carcinoma and prostate cancer suggest that type I Hu-IFNs may constitute a promising biotherapeutic agent for these tumors (Dong et al., 1999; Borden et al., 2000; Ozawa et al., 2001) .
Clinical data from patients receiving Hu-IFN therapy indicated a correlation between the in vitro sensitivity of malignant cells to the direct antiproliferative effect of Hu-IFNs, and the in vivo clinical effects (Strander and Einhorn, 1996) . Few clinical trials have sought to incorporate Hu-IFN into combination chemotherapy regimens against solid tumors. Various studies comparing therapy with antitumor chemotherapeutic agents versus the same treatment with Hu-IFN, demonstrated an increased objective response rate with the addition of Hu-IFN compared with cytotoxic agents alone (Wadler and Schwartz, 1990; Wadler and Schwartz, 1997; Faderl et al., 1999; Daponte et al., 2000; Todesco et al., 2000) .
We have recently reported a detailed in vitro study of the effect of type I Hu-IFNs, Hu-IFN-a and Hu-IFN-b on the proliferation of tumoral cells derived from Ewing's sarcoma. Our results showed that Ewing's tumor cells were responsive to the antiproliferative effects of Hu-IFN-b and to a lesser degree of Hu-IFN-a. Moreover, under Hu-IFN-b treatment, some Ewing's tumor cells undergo apoptosis (Sance´au et al., 2000) . These observations are in line with published data describing the presence of specific functional receptors for type I Hu-IFNs in series of pediatric tumors including Ewing's tumors and in cell lines derived from these tumors (Rosolen et al., 1997) .
Although many studies have examined and sometimes demonstrated the usefulness of Hu-IFNs for the treatment of patients with cancer, no data are available for Ewing's tumors. Since the possibility of using Hu-IFNs for Ewing's tumor treatment may be of interest, we evaluated the efficacy of Hu-IFNs in a relevant in vivo nude mouse model of Ewing's tumors. The results reported here show that type I Hu-IFNs, Hu-IFN-a and Hu-IFN-b impaired engrafting of Ewing's tumors in nude mice and displayed an antigrowth effect toward established xenografts. Ifosfamide (IFO) is a DNA-alkylating agent largely used in combined modalities for the therapy of different types of cancer such as small cell lung cancer and sarcoma (Sandler, 1998; Nemati et al., 2000) . IFO is also widely used in high-dose combined chemotherapy of Ewing's tumors (Wexler et al., 1996) . The results reported here clearly show a strong synergistic inhibition of Ewing's tumor xenograft growth by combined therapy with Hu-IFNs and IFO. Taken together, our findings provide a rational foundation for a promising therapeutic approach to Ewing's sarcoma.
Results

Effect of type I Hu-IFNs on EW-7-Ewing xenograft tumor take
Since xenografts are good preclinical models for evaluating the potential antitumor effects of Hu-IFNs (Brosjo¨et al., 1985; Horton et al., 1999) , we decided to investigate the effect of Hu-IFN-a and Hu-IFN-b on Ewing's tumor xenografts. In the first experiment, we evaluated the efficacy of human type I Hu-IFNs, Hu-IFN-a and Hu-IFN-b in reducing tumor take of EW-7-Ewing's tumor by starting the treatment 3 days after tumor implantation. Control mice (n=12) received daily intratumoral injections of diluent. Hu-IFNs were administered at a dose of 8610 5 units daily, from Monday to Friday, for 3 weeks (n=12 for each Hu-IFN) (see protocol 1).
EW-7-tumor takes were significantly inhibited in the mice treated with Hu-IFN-a as well as with Hu-IFN-b as shown in 
Effect of Hu-IFN-a and -b on EW-7-Ewing tumor growth
We next initiated a second set of experiments where the sensitivity of EW-7-Ewing's tumor to Hu-IFN-a and Hu-IFN-b was studied in established tumors. Thus, mice bearing tumors of volume 100 -300 mm 3 were subjected to Hu-IFN treatments (8610 5 units daily, from Monday to Friday) as described for protocol 2. As shown in Figure 2 , the mean relative tumor volume (RTV) increase linearly and rapidly in control mice between day 6 and day 33. Most control mice were ethically sacrificed on day 33 when the tumor grafts 
Response of EW-7-Ewing tumor xenografts to Hu-IFN-a or Hu-IFN-b treatment combined with ifosfamide treatment
It was shown recently that addition of IFO to Ewing's tumor standard chemotherapy improves the outcome and survival of patients (Wexler et al., 1996; Rosito et al., 1999; Kushner and Meyers, et al., 2001; Pinkerton et al., 2001) . Thus, a combined therapy using IFO with Hu-IFN was tested. Preliminary experiments showed that 120 mg/kg IFO maximally (100%) inhibited growth of established EW-7-xenografts while a significant effect of 66% inhibition was observed at a dose of 60 mg/kg. Hu-IFN-a or Hu-IFN-b was administered at 1610 5 units/day, a dose defined in previous experiments as giving a 20% growth inhibition.
Two parallel studies of combinations were carried out in EW-7-tumor-bearing mice, given either the Hu-IFN-a/IFO or the Hu-IFN-b/IFO combination. IFO (60 mg/kg) was injected (i.p.) on days 1, 2 and 3. Intratumoral injections of Hu-IFN-a or Hu-IFN-b (1610 5 units/mouse, daily from Monday to Friday) started at day 2, and were continued for 3 weeks. Each study included a control group of mice and groups treated with Hu-IFNs or IFO alone. Figure 3a ,b shows the curves obtained from the mean RTV data for each group. Almost linear tumor growth was observed in control mice. If we considered the twelfth day of treatment, when the first control mice was sacrificed, the average RTV was reduced from 5.2 (range 4.5 -7.3) 
Response of COH-Ewing tumor xenografts to Hu-IFN-a or Hu-IFN-b treatment combined with ifosfamide treatment
To test the efficacy of Hu-IFNs/IFO combination on another Ewing's tumor type, we performed an experiment with COH-tumor xenograft. This cell line derived from a metastatic tumor resistant to current protocols using a combination of local surgery and radiation with systemic chemotherapy. Although the optimal IFO dose was higher than the dose used for EW-7-tumor xenografts, the combined treatment HuIFNs/IFO gave a very strong tumor growth inhibition. Figure 4 shows the curves obtained from the mean RTV data of each group. A rapid almost linear tumor growth was observed in control mice. If we considered the ninth day of treatment, when the first control mice were sacrificed, the average RTV was reduced from 7.6 (range 5.4 -11) in control mice to 6 (range 5.05 -9.18, P50.02) in Hu-IFN-a mice and 4.4 (range 3.43 -5.76, P50.01) in Hu-IFN-b mice (Figure 4) . After IFO treatment, the tumor growth was delayed with the RTV reduced to 4.9 (range 0.51 -12.64, P50.1) compared with the RTV for control mice. The combination of Hu-IFNs with IFO resulted in a consequent decrease in tumor growth whatever the Hu-IFN combined with a mean RTV of 1.1 (range 0.55 -1.9, P50.002) for the Hu-IFN-a/ IFO combination, and 1 (range 0.51 -1.55, P50.001) for the Hu-IFN-b/IFO combination. These results suggest a common mechanism of action of the HuIFNs/IFO combination independently of Ewing's tumor type.
Pathological analysis of EW-7-Ewing tumor xenograft
Groups of eight mice were injected with diluent (control), IFO, Hu-IFN-a or Hu-IFN-b alone or combined with preinjection of IFO. All mice were sacrificed on day 15 of treatment, and tumor fragments were fixed in formalin. For pathological analysis, mitotic and apoptotic indexes, extent of necrosis and of fibrosis, and the presence of calcifications were (Freneaux et al., 2000) . This analysis showed that the groups of tumors treated by Hu-IFN-a/IFO or Hu-IFN-b/IFO were characterized by a dramatic decrease in the mitotic index and marked necrosis. These tumors were also characterized by extensive fibrosis, associated with numerous calcifications ( Figure 5 and Table 1 ). A slight increase in apoptosis index was also observed after Hu-IFN-b/IFO treatment, compared to control or to IFO or Hu-IFNs treatment alone.
Activation of Stat-1 in response to Hu-IFN-a or Hu-IFN-b treatment alone or combined with IFO in EW-7-tumor xenografts
To evaluate whether treatment of mice with IFNs alone or combined with IFO results in the activation of signaling molecules in Ewing tumor xenografts, we analysed the state of activation of Stat-1 (i.e. Ser/Tyr phosphorylated Stat-1) in the tumor samples used for pathological analysis ( Figure 5 and Table 1 ). Extracts of tumor fragments obtained from mice (n=4) injected with diluent (Control), IFO, Hu-IFN-a or Hu-IFN-b alone or combined with preinjection of IFO were analysed by Western blot. As shown in Figure 6 , phosphorylated Stat-1 was not detectable in control tumor extracts whereas a very low but detectable level of phosphorylated Tyr701-Stat-1 protein was observed in the tumor extracts from IFO treated mice. As expected, IFN-a or IFN-b treatments induced the activation of Stat-1 with an apparent pSer727-Stat-1 protein. Interestingly, combined IFN-a/IFO or IFN-b/ IFO treatment enhanced the level of pS727/pTyr701 phosphorylated Stat-1 protein which is known to be required for maximal activation of transcription by Stat-1 (Horvath and Darnell, 1997) .
Discussion
The data presented here show that type I Hu-IFNs impaired Ewing's tumor xenograft engrafting, and provoked tumor growth delay of already established tumors in nude mice. Although in vitro studies have suggested that Ewing's tumor-derived cell lines were more sensitive to the antiproliferative effect of Hu-IFN-b than of Hu-IFN-a (Sance´au et al., 2000) , both Hu-IFNs were equally effective in impairing tumor growth when administered just after tumor engrafting. It can be hypothesized that, in addition to their inhibition of cell proliferation through direct action on the tumor cells, Hu-IFNs might inhibit the production and action of autocrine growth factors and angiogenic stimulating factors (such as bFGF, or VEGF), responsible for the generation of new blood vessels (Dong et al., 1999; Slaton et al., 1999; Borden et al., 2000) .
The antitumor response induced by Hu-IFN-b seems superior to that of Hu-IFN-a as shown by the higher tumor growth delay upon administration of Hu-IFN-b compared to Hu-IFN-a administration. These results are in agreement with our previous observations showing a more powerful antiproliferative effect of Hu-IFN-b than Hu-IFN-a in Ewing's tumor-derived cell lines (Sance´au et al., 2000) . Despite the fact that all human type I IFNs bind to the same receptor and activate a common set of signaling factors, there is now accumulating evidence of differences in their signaling pathways. In addition, several reports suggest that Hu-IFN-b may have greater efficacy in solid tumors (Pfeffer et al., 1998; Runkel et al., 1998; Stark et al., 1998) . In our studies, growth inhibition of tumors is likely due to the direct antiproliferative activity of human type I IFNs. This is supported by the fact that the Hu-IFNs used in this study are of human origin and do not cross-react appreciably with the host mouse cells (Biron, 2001 ). However, it cannot be excluded that human IFNs acting on tumors might, via the induction of soluble factors, indirectly promote the activity of immune cells such as NK cells and macrophages that may enhance the anti-tumor response (Mizumo and Yoshida, 1998) .
It is crucial to improve therapy of Ewing's tumor in advanced-stage disease, in older children and adults, with already micrometastatic disease at diagnosis. Less than 20% of these patients survive despite aggressive therapy consisting of surgery and/or radiation and chemotherapy (Fizazi et al., 1998; Rosito et al., 1999; Kushner and Meyers, 2001; Paulussen et al., 2001; Pinkerton et al., 2001) . IFO is an alkylating agent widely used in high-dose combined chemotherapy, and inclusion of IFO in standard chemotherapeutic regimens was reported to provide benefits for Ewing's sarcoma patients (Wexler et al., 1996; Fizazi et al., 1998; Rosito et al., 1999; Kushner and Meyers, 2001 ; Paulussen et al., 2001; Pinkerton et al., 2001) . Various in vitro and in vivo studies indicated that Hu-IFNs potentiate the activity of clinically useful drugs in a variety of human tumors and tumor models (Borden, 1998; Qin et al., 1998; Eck et al., 2001; Tada et al., 2001) . A recent report describes a biochemotherapeutic approach in which Hu-IFN-a was used as an adjuvant to chemotherapy with some success in relapsed melanoma and carcinomas (Wadler and Schwartz, 1990; Borden, 1998; Daponte et al., 2000) .
The present study shows that Hu-IFN treatment may be advantageously associated with IFO administration. The combination was highly effective in suppressing tumor growth in nude mice bearing Ewing's tumor xenografts. From several separate experiments, it appears that tumor growth delays achieved with the Hu-IFN-a/IFO or Hu-IFN-b/IFO combination were repeatedly superior to those induced by a single agent, showing a potentiation of their efficacy. It should, however, be pointed out that the Hu-IFN-b/IFO combination resulted in a greater tumor growth delay. With regard to the state of phosphorylation of Stat-1, a major transcription factor involved in IFN-regulated gene expression (Horvath and Darnell, 1997; Ihle, 2001) , combined treatment with IFNs and IFO results in a marked increase in Serine/Tyrosine phosphorylation of Stat-1, compared to that induced by IFNs treatment alone. This may explain, at least in part, the synergistic inhibitory effect observed between IFNs and IFO on tumor growth.
Under the conditions examined here, the two type I Hu-IFNs exhibited synergy with IFO against tumoral progression. The Hu-IFN/IFO combination is effective in inhibiting the growth of xenografts derived from primary (EW-7) as well as metastatic (COH) tumors. The mechanism of interaction of IFO and Hu-IFNs remains to be understood. The action of the alkylating agent and that of Hu-IFNs could be independent. An alternative hypothesis is that Hu-IFNs enhance IFO cytotoxicity by increasing the proportion of tumor cells in G1-S phase, thus making them more susceptible to the cell cycle-specific actions of IFO. Alkylating agents such as IFO, able to act on non-dividing cells, make these drugs particularly attractive for the treatment of tumors because of their potential capacity to kill quiescent tumor cells while residual disease is minimal. IFO requires intracellular metabolism to be active. Its efficacy is dependent on different CYP450 which are in turn modulated by essentially 3A4 and 2B6 (Monshower et al., 1996) . One possibility could be that Hu-IFNs modulate enzymes responsible for IFO degradation; decrease in these enzymes could increase the bioavailability of IFO. Hu-IFN-induced inhibition of CYP450 has been described (Monshower et al., 1996; Brockmeyer et al., 1998) .
The studies presented in this report provide a rationale for carrying on with further investigations into the mechanism of interaction between the antiproliferative cytokines -Hu-IFNs -and a chemotherapeutic drug such as IFO. In children and young adults (516 years), few data on the use of Hu-IFNs in other pathologies have been published to date (Strander and Einhorn, 1996; Tanneberger and Harelia, 1996; Wo¨rle et al., 1999; Garmendia et al., 2001) . The optimal timing and dosage for administration of Hu-IFNs alone or in combination with IFO remain to be evaluated.
Interferon/IFO treatment may provide an alternative approach to the treatment of patients with Ewing's tumors that are resistant to conventional chemotherapy and in the treatment of patients with minimal residual disease.
Materials and methods
Mice
Six-to seven-week-old Swiss nu/nu female mice (Iffa-CredoFrance) maintained under specified pathogen-free conditions were used. Their care and housing were in accordance with the institutional guidelines of the French Ministerial Ethics 
Tumor cells
Two cell lines derived from Ewing's sarcoma were used in this study: (1) wild-type p53 EW-7 cells, primary tumor localized on the scapula, (2) wild-type p53 COH cells, metastatic tumor localized on femur (Kovar et al., 1993; Hamelin et al., 1994) . They were established as transplantable tumors by subcutaneous (s.c.) injection of 20610 6 cells. Xenografts were maintained in vivo by sequential passaging of s.c. implants with an engraftment success rate exceeding 90%.
Reagents
Recombinant human-IFN-a 2b (Bioferon 1 ) was a gift from BioSidus (Buenos Aires, Argentina). Recombinant human-IFN-b 1a (REBIF 1 ) was a gift from Ares Serono (Switzerland). Ifosfamide (Holoxan) was from Asta Medica Laboratories (France). Monoclonal antibodies against pS727-STAT-1, pY701-STAT-1 were from Upstate Biotechnology.
Formulation and administration
Interferons were diluted in PBS-BSA (NaCl 140 mM, Na 2 HPO 4 4.5 mM, KCl 2.5 mM, KH 2 PO 4 1 mM, containing 200 mg/ml of purified bovine serum albumin, fraction V, -Sigma-) (diluent). Ifosfamide was given intraperitoneally. When given combined, drugs were injected separately. Mice in the control groups received diluent.
In vivo experimental design
Mice received 10 -20 mm 3 subcutaneous grafts of tumor fragments. When tumors reached a minimal volume of 60 mm 3 , mice were individually identified and randomly assigned to the control or treated groups (eight to 12 mice per group), and the treatments were started. Mice were sacrificed before the tumor volume reached 3500 mm 3 . Each mouse received the graft of one tumor piece s.c. over the flank through a 5 mm incision, and 40 to 50 mice were similarly transplanted in each experiment. Only mice with a reliable tumor growth were selected for the trial i.e. tumor volume more than 60 mm 3 within 2 -3 weeks after transplantation.
Tumor growth and evaluation of antitumoral effect
Tumor volumes were evaluated twice a week by measuring two perpendicular diameters with calipers. Tumor volume (V) was calculated using the following equation:
where a is the width of the tumor (small diameter), and b the length (large diameter), both in millimeters. The individual relative tumor volume (RTV) was defined as Vx/V1, where Vx is the volume in mm 3 at a given time and V1 at the start of treatment. Mean RTV and standard deviation were calculated for each group. Drug efficacy was expressed as the percentage tumor growth inhibition (% TGI), calculated using the equation 100-(T/C6100), where T is the mean RTV of the treated tumor and C is the mean RTV in the control group at the time of sacrifice of the first mouse in the control group. Tumor growth delay (TGD) was calculated as the time required for the tumor volume to increase fourfold over the initial volume at the start of treatment. Tumor growth delay index (TGDI) was calculated as the mean treated/control TGD ratio.
Protocol 1
Hu-IFN-a or Hu-IFN-b was injected into the side of EW-7-tumor implantation 3 days after tumor graft, according to the following regimens: group (a) diluent 0.1 ml; group (b) Hu-IFN-a (8610 5 Units/0.1 ml/mouse); group (c) Hu-IFN-b (8610 5 Units/0.1 ml/mouse). Hu-IFNs injections were repeated for 5 days every week (Monday to Friday) for 3 weeks. A similar protocol was performed with nude mice carrying an established COH-Ewing's tumor, except that the IFO dose was administered at 120 mg/kg (i.p.).
Protocol 4 -programmed for pathological analysis
Groups of mice, carrying an established EW-7-tumor, received injection of diluent (control), IFO, Hu-IFN-a or Hu-IFN-b alone or combined with IFO injection, according to the schedule described as protocol 3. All mice were sacrificed on day 15 of treatment. Tumors were measured and fragments were fixed in formalin for microscopic analysis. Tissue sections (4 m) were stained by hematoxylin-eosin and analysed histologically. Five histological criteria were assessed: proliferation index, apoptotic index, extent of necrosis and of fibrosis, and presence of microcalcifications. For the evaluation of proliferation and apoptotic indexes, a representative field of the tumor was chosen by examination at low power. This representative field was then analysed at high power (6400) and the numbers of mitoses and of apoptotic bodies were recorded. Fibrosis and calcifications were assessed as absent (0), not extensive (1) or extensive (2). The extent of necrosis (%) was related to the surface of the tissue specimen analysed.
Western blot analysis
Total proteins from fresh tumor tissue (20 -25 mg) were extracted in T-PER TM Tissue Extraction Reagent (150 mlPierce-PerBio Science, France). After centrifugation (5 min, 10 000 r.p.m. at 48C), total homogenates were diluated in 500 ml of lysis buffer (50 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA, 1.5 mM MgCl 2 , antiprotease/antiphosphatase mixture (aprotinin, leupeptin, NaF, ortho-vanadate, bglycerophosphate) containing 1% (w/v) n-octyl-b-D-glucoside (Surin et al., 2002) . After lysis, the total extracts were centrifugated for 10 min at 10 000 r.p.m. at 48C. Aliquots of the supernatants (50 mg protein) were submitted to Western blot analysis as previously described (Sance´au et al., 2000) .
Statistical analysis
The treated and control groups were compared using a onesided Student's t-test. All P-values are one-sided with statistical significance defined as P50.05.
